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ABSTRACT

In the theoretical enalysis presented herein a formule is
developed for approximating the spectral distribution of thick
target bremsstrahlung. The epprokimate consideration is that
the thick target spectrum is considefed to be the sum of the
contributions from a series of thin targets, one behind the
other, bombarded by electrons of decreasing energy. Within
each thin target the electron is allowed to scatter according
to the Goudsmit-Saunderson electron scattering theory and the
bremsstrahlung production at each scettering is predicted by
the Bethe-Heitler Bremsstrahlung theory. Comparisons are made
between results predicted by the approximate formula and
experimental data for aluminum and iron thick targets. On the

whole the agreement is reasonably éood.
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SUMMARY

A theoretical analysis which includes multiple electron
scattering as described by a random-walk procedure is presented
for predicting the spectrum of bremsstrshlung produced at angles
relative to a monoenergetic flux of electrons of normal incidence
~on thick targets. The approximate assumption is made that the
spectral and angular distribution of radiation leaving a thick
target can be considered as the sum of the contributions from a
series of thin targets, one behind the other, bombarded by electrons
of continuously decreasing energy and a superposition of several
complex processes. These processes are (1) radiation of electrons
in thin tergets as predicted by the Bethe-Heitler theory; (2')
electron penetration into a medium which includes: (a) multiple
electron séattering as predicted by Goudsmit-Saunderson theory,
(b) electron backscetter out of the target, (c) nonlinear electron
energy losses, and (d) electron-electron bremsstrahlung; (3) the
absorption and buildup of photons in the taerget and (4) a first-
approximation correction to the thick target spectrum to account
for the inaccuracy of the'Bethe-Heitler theory. Comparisons are
made between the calculated results and experimental data fér
eluminum and iron targets. On the whole the agreement is reasonably

good.
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INTROIXJICTION

Electrons that exist in the radiation belt (see, for example,

- ref. 1)‘surrouhding the earth present a radiation hazerd to man
and equipment in space explorations{ This hazard to manned space
vehicles from electrons exists primarily in the form of peqei;ating
.secondary radiation that is produced by the energy degradation of
electrons in the space=-vehicle wall. The radiation, designated as
bremsstrahlung, results from collisions of the incoming eiectrons
with the charged particles (atoms, nuclei, or electrons) of which
the vehicle wall is composed.

A vehicle wall can be treated as a so-called thin target if
the incident electron, while traversing the wall, has only oné
radiative collision, suffers no significant elastic deflection,
and loses no appreciable energy by ionization. However, in practice,
this is seldom the case. Generally a space vehicle well will be
representative of a thick target, that.is, the wall will be of such
a thickness that the msjority of the incident electrons will lose
sufficient energy to be stopped. For this case; the description
of the bremsstrehlung field behind the target 1s a problem of long
~standing, complicated by multiple electron scattering, electron energy
losses, photon sbsorption, and shower production which prohibits a
rigorous solution for the ahgular distribution of bremsstrahlung

from completely stopped electrons.



Previous estimates of the bremsstrahlung spectra from thick
targets for electrons with energies of the order of the rest mess-
energy (0.511 MeV) have depended upon the theory developed by
Kramer (see ref. 2). However, the validity of Kramer's theory is
limited in that (a) the theory estimates the photon energy distri-
bution integrated over all directions.of the emitted photons and,
(v) the theory is nonrelativistic. Estimates have also been made
by Wilson (ref. 3), the author (ref. ﬁ), and others but these
results are also in the form of an ave:age‘over the directiqn of
photon emission and no attempt is made to account for multiple
electron scattering within the target.} '

The significance of the theoretical analysis presented is
to be two-fold. First, the analysis is intended to provide a
besis formula for epproximating, with a reasonable degree of
accuracy, the spectral distribution of thick target -bremsstrahlung.
This application is important for shielding studies since
experimental data are scarce and there is a need for theoretical
data over a wide electron energy and materiasl range. Secondly,
the data presented are complementary to thick target brems-
strahlung experiments.

The computational procedure for computing the bremsstrahlung
spectra is programed in the FORTRAN (FORmula TRANslation) IV
language for the IBM 7094 electronic data processing system at the

Langley Research Center.



CHAPTER I
THEORY OF THICK TARGET ANALYSIS

For a monoenergetic, monodirectional beam of electrons
incident on a thick target, a Random-Walk computer program
for the anelysis of thick target bremsstrahlung has been gener-
ated to take into account various aspects of electron penetration
and diffusion: angular deflection, energy losses, spatial
propagatioh, and ﬁhe radiative process at scattering. For
charged particles (in this case electrons) the large number of
interactions (running into the ten thousands), which an electron
ma& undergoﬂin a thick target, makes it necessary to resort to a
sophisticated scheme in which meny successive collisions are
grouped into a single step of an artificial random walk. The
transition probabilities for the random walk are then obtained
from pertinent analytical multiple electron scattering distri-
butions governing angular deflections and energy losses.

The random walk scheme mnsé provide, for each step of the
random walk, a rule for selectiné an energy loss increment,

E, - Ei+1’ a path length I t, - ¢ a change of electron

i i 1+1|’

direction from {}a’ W%} to {%a#l’ *}+l and a spatial

displacement, r, - ri+1

possible, which differ with regard to the theoretical input and

I. A great variety of schemes are



the necessary amount of computing time. The rules according to
which the random walk is sampled in the work presented herein
have been described in some detail in reference 5.

For this analysis a so=-called continuous slowing-down
approximation 1s used to select a constant electron energy loss
increment AE = Ei - B for exsmple, as previously stated,
the thick target can be subdivided into thin targets in which
there will occur an electron energy loss AE in each. Consider
a target whose thickness corresponds to the residusl range of
a 1 MeV electron (approximately 0.5 gm/cm? of aluminum). The
arbitrary selection cah be made to subdivide the targeﬁ into
20 thin targets. Each subdivision will thus correspond to an
energy loss of 0.05 MeV.

The path length ¢, - in each thin target is a function of

i
the energy loss increment according to the follcwing relation

- j‘E1+1
g

i

t, -t (1)

i i+l

=]

wvhere dE/dt i1s the energy loss per cm path length in the target.
This energy loss mechanism will be discussed in more detail in a
later section of this report.

A.simplifying assumption is to be made in the case of the

spatial displacement, Essentially the spatial

Iri '4r1£1|”
parameter r is reduced from three dimensions to only one dimension;

for example, the spatiel position of the electron is considered to



be along the projected path of the initially incident electron at
| all times and no lateral deflection in position is to be considered
at each scattering. This is a reasonsble assumption in that the
total path 1eﬁgth of the electron within the target is itself
relatively small in comparison with the distance between the target

and detector position. Thus only a change of direction from

{%a’ W;} to {}a&l’ ¢%+%} is considered to influence the brems=-

strahlung spectrum.

The present analysis of the sampling of data differs from the
‘usual random-welk method which consists of sampling many electron
trajectories (called case histories), starting each electron with
initial energy Eo and following it until it comes to rest. Aiong
egch of the electron trajectories the change in the polar angles,

{?a’ ¢%}, at each scattering is chosen by some arbitrary (unweighted)

technique and having chosen the polar angles the result is then
multiplied by the sppropriate scattering probability as predicted
by one of the many multiple scattering theories. It is in this
pérticular sense of scoring that the present analysis differs from
the usuai random walk method. Within each thin target there will
be no arbitrariness in the selection of scattering'angles other
than the arbitrariness in the total number of scatterings that will
be ellowed within'e;ch thin target. In other words, the electron
will be forced tolas;ume predetermined or ?reseﬁ directions
(different combihations ofﬁpolqr angles) within each thin target

and the appropriate probebility for the electrons being scattered

6



at each set of polar angles will be determined by Goudsmit-
Saunderson theory.

In summary of the ebove discussion, it can be said that the
electron is presumed to be normelly incident on the first of a
series of thin targets with energy Eo. The bremsstrahlung '
production in the thin target for this particular angle of incidence,
electron energy, and detector geometry is then calculated. The.
electron direction is then changed and the bremssti'ahlung production
is again determined for the given paremeters. The changing of
Aelectron direction and the calculation of bremsstrahlung production
is continued until all of the predetermined angles have been assumed.
The electron is then considered to be entering into the second

thin target with an energy of QE o = OE. The sbove procedure of
changing the angles and calculating the bremsstrahlung production
is again repeated. The above sequence of events (random-walk steps)
is continued until the electron has been brought to rest, that is,
the electron energy reduced to zero. The thick target spectrum is
then considered to be the sum of' the radiation contributions from
each thin target.

The complex processes of electron penetration, diffusion and
radiation will now be discussed in a more detasiled manner prior to

deriving a formula for approximating the bremsstrehlung spectrum.



CHAPTER II
RADIATION IN THIN TARGETS

In passing through the field of a nucleus (or atom) an electron
with energy E 1is, 1n'general, deflected. Since this deflection
always results in an acceleration, there will be a certain probabillity
that a light quantum (photon) of energy k is emitted with the
electron meking a transition to another state with residual energy

E', vhere
E=EBE'+k + Eq (2)

This interaction is shown in sketch 1 below.

Photon (k)

Scattering center recoil (Eq,q')

Incident electron (E,p)

O

Residual electron (E',p')

Sketch 1.— Radiative interaction



In the radiative interaction, shown in sketch 1, the initial momentum
of the incident electron becomes shared among three bodies:r the
residual electron, the scattering center, and the emitted photon.
Therefore, the photon can have any momentum and the corresponding
energy up to ithe energy of the incident electron. waever,.for the
radiative interaction of moderete-energy electrons, momentum is
substantially conserved between the scattering center and deflected
electron, and only a very small amount of momentum is carried away
by the photon.

The major part of the quantum-mechenical theory for predicting
thin-target bremsstrahlung differential cross-secfions has been
obtained through the use of the Born approximation technique which
is essentially first-order perturbation theory. As a first apprbxi-
mation the atom is considered as stripped, consisting only of the

nucleus. This is a good approximation provided

2
v -
e}
and
2 .
2nZe z h
— <<1 (%)

where Vo V represent the electron velocity before and after the
collision. For light elements equations (}) and (4) are always
satisfied if the primary electron moves with relativistic speeds,

except in a small frequency range (called high frequency limit)



where the electron has given nearly all its kinetic energy to the
light quantum, and after the process, has therefore a small velocity.
The bremsstrehlung cross-section derived for a. strippe;l ,
infinitely heavy atom using the Born approximation is }_:nown. as the
Bethe-Heitler formula (see ref. 6). This formula cen be expressed
as a'differential with respect to two parameters which are the
photon energy k and the solid engle  as shown by equation (5).

(See eq. (2 BN) of ref. T7.)

2 22 r2 p dk 8 s:ln2 ) (2]32 + l)

a“ n = o _ _ __an o - 20

n = 7 &
8n137 p, k v, 8,

o(5EC + 2EE_+3) 2(p> - K°) =

2 2 2 2 2
Ps Ao < Ao P Ao

- Mg sin° eg (ik - pi B) . umi (&, + )

(5)
2,2
Ps o Ps 8

2 - o(E - 3EE_+ B} 2x(E + EE - 1)

+
2 2 2 .
po AO po A_g
he P Y 6k 2k pi - ke}
- ———— + —— ] e oy S——
Q 2 2
15 B N Q 4,
- .
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where

EE -1+ pp_
L = 2ln | —=— 21, (5a)
EEO -l - ppo
E +p
€ = in|=—2 (5b)
R
and : ™~
€=1w|2ER (5¢)
E-p
o

Equation (5) represents the probability that a photon whose
energy lies between the limits (k), and (k + dk) shall be emitﬁed
within a differentisl solid angle (dQ), oriented (eo) with respect
to the direction of motion of the incident electron when an électron
of total energy Eo collides with a thin target Qantomic number Z.
This collision geometry is shown in sketch 2 for an electron

direqtion'with momentum

approaching the origin albng a positive Zt

p_ and colliding with a thin target which is considered to lie in

o)
the x-y plane, perpendicular to the electron direction.

11



AQ Photon k

Thin target

o

Incident electron

Sketch 2.~ Collision. geometry



Various corrections are known to exist for the cross-section
formula given by equation (5). These corrections may be classified
according to three types: (l) coulomb correctiéns, (2) screening
corrections, and (3) high-frequency limit corrections. In each
case, the correction is restricted to a particulér energy region.
This restriction on the energy region is unfortunate because, in the
region of interest, roughly 0.1 to 2.0 MeV (intermediate energies),
coulomb corrections are not availsble in analytical form; and
empirical corrections cannot be determined in enough detail from
the available data to cover the entire energy range. Since
screening effects are most important for nonrelativistic or extreme
relativistic electron kinetic energies, no screening correction
will be made to the cross-section.

The problem of a high-frequency correction, that is,
thg problem of correcting the cross-section for its apparent error
with increasing photon energy, will be dealt with in chapter VII
of this repo:t.

Equation (5) has been evaluated by the suthor (ref. k) for a
wide range of electron energies snd for 6_ equal to 0%, 30°, 60°,
and 900. One such spectrum from reference 4 is presented in fig-
ure 1 for a 1 MeV electron. For convenience the curve has been
madé independent of the atomic number Z and the cross-section is
for a unit, monoenergetic electron flux. It should be noted that

the radiation intensity is pesked in the forward direction.

15



CHAPTER III
ELECTRON PENETRATION INTO A TARGET
Multiple Electron Scattering

" The phenomena of many electron scatterings within a thick
absorber are comnonly referred to as multiple electron scattering;
for example, with each scattering there is an energy loss and a
change of direction for the electron. As a consequence of the
multiple electron scattering the angular distribution of brems-
strahlung will be altered. This alteration is recognized in that
the thin-target bremsstrahlung cross section.(eq. (5)) is a function
of the angle between the electroh direction and the direction of

photon emission (detector direction) as shown in sketch 3 below.

Detector

Electron \—

Sketch 3.~ Multiple electron scattering.

Scattering center

Therefore to include multiple electron scattering in the theoretical

analysis the following array within each thin target must be predicted.

1h
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Sketch 4.— Multiple scattering array.

In the array of sketch 4 1 denotes the particular thin target

slab; Ei

angles of the electron relative to the incident electron direction;

, the total electron energy in slab i; €’ W}, the polar

60, the angle between the electron velocity vector andbthe
detector; Pe’ the probability of the electron's travelling in the

2
€ direction, and gﬁﬁ%’ is the cross-section for producing a

photon of energy k as a function ¢f E,, k, eé.'

The probability, P_, of the eleétron's travelling in the ¢
direction can be predicted by one of the many multiple écattering
theories, the majority of which are based on the assumption that
the scattering process is adeqﬁately déécribgd by ordinary diffusion.

Goudemit and Saunderson (ref. 8) have derived an expression of multiple

15



Rutherford scattering by using a Legendre seiies expansion and
assuming & continuous slowing down of the électron in the absorbex.
Their results are considered valid for all scattering angles and
can be used with any appropriate (convergent) single-scattering
cross section, for example, Mott cross section.

The evalﬁation of the Goudsmit-Saunderson. theory is discussed
in detail by Berger (ref. 5) who makes use of various procedures
developed by Spencer (ref. 9) that facilitate the numerical evalu-
ation of the angular multiple-scattering distribution function.

The expression developed by Berger for the intensity of electron

scattering in the direction € 1is given by

()

— t
P, = >L (1 + 1/2)exp - ‘jp Gy (t')at! P, (cos €) (6)
l:o o
where
b14
Gy (t') = 2nN f o(6, t) 1 -P, (cos 8) sin 648, (6a)
o

N is the number of atoms per unit volume, t is the path length
traversed by the electron, and o(0, t) is the single scattering
cross section, whose dependence on the electron energy is expressed

in the continuous slowing down approximation, through the path

16



length +t. This expression (eq. (6)) is most applicable to a random
walk procedure where the target is subdivided into equal electron
energy path lengths. o~

Results of evaluating equation (6) are presented in table I - IV
for aluminum and iron and elec¢tron energles of 0.5 and 1.0 Mev,
respectively. A typical plot of multiple electron scattering is
shown in figure 2 where the relative scattering probability is
plotted as a function of the electron kinetic energy and angle of

scattering.

Electron Backscatter Out of the Target

When a stream of electrons is directed against a solid target
most of the electrons penetrate into the target; however, some
return out of the incident surface again. A few of these returning
electrons may be the products of collisions and are classed as:
secondary electrons; they are generally slow, having an energy less
than 50 eV. Most of the returning electrons, however, are members
of the original beam which have penetrated to a greater or lesser
extent into the target, suffered elastic or inelastic collisions
or both, and return to escape the surface, thus causing 8 reduction
in the incident beam intensity.

Several authors have made measurements to determine back-
scattering for electrons within the energy range of interest.
One such plot of electron backscattering (ref. 10) is shown in
figure 3 where the ratic of backscattered to incident electrons
is plotted as a function of the target atomic number and the electron
kinetic energy.
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Nonlinear Energy Loss of the Electron in the Target

The energy loss of electrons in a medium essentially oceurs by
tvo different mechanisms. The predominant mechanism of energy
degradation at low energies is due to the inelastic collisions with-
the bound electrons of the medium, while at higher energies radia-
tive collisions with the electric fields of the.nuclei;and the
electrons become more important. It is shown in reference 11
that for lead the electron energy loss per unit path length of
travel due to ionization is equal to that for radiative collisions
at an approximate electron energy of 9 MeV, vhile fpr ldwer A
materials the equality occurs at much higher eﬂergies. Therefore,
for the calculations presented herein it is assumed that the
initial energy of the electron is sufficiently small so that the
energy loss aé a result of radiative collisions is negligible in
comparison to the loss resulting from inelastic collisions.

The energy loss per cm path length (defined as stopping poﬁer)

due to ionizing collisions of the electron (ref. 12) is

dE  2nNe” Z s a: 2 2
— = ....._.__....é._ in - 2 1l - ﬁ -]l - B in 2
(7

at m v 2% (1 - %)

2
+1 -84+ é- 1 - d 1 - a%}
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where

E total electron energy, m 02

N atomic density, atms/cm5

z atomic charge number

e electron charge, 4.80288 x 10-10, esu
I mean ionization potential, mo‘c:.2

B = v/c

m electron mass, 9.1085 x 10'28, gm

v speed of incident electron, cm/sec

c speed of light, 2.997929 x 1010, cm/sec

As shown by equation (7), the energy loss per path increment
is nonlinear with respect to the electron energy, for example,
equal energy increments do not have corresponding path lenéth
inerements and the electron loses energy at an increasing rate
as it slows down. Results of evaluating equation (7) for aluminum

and iron are shown in tables V and VI, respectively.

Correction for Electron-electron Bremsstrahlung
When considering the passage of an electron through a mediunm,
one must take into account the fact that the electron mey also
collide with the electrons of the atoms of wh;ch the medium is
composed and produce breﬁsstrahlung. Very laborous calculations
have been made (refer to page 418 of ref. 6) to determine the exact

electron-electron bremsstrahlung cross sections. These calculations
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show that the final cross-section formula for electron-electron
bremsstrahlung varies only slightly (except for a factor of Zz)
from the original eleétron-nucleus cross-section for bremsstrahlung
production, although the cross-section is probably slightly smaller.
This is reasonable since large momentum trensfers to a single
electron are, though possible, rare and contribute 11ttle to the
total bremsstrahlung cross-section. The contribution to the
bremsstrahlung cross-section can thus be teken into account with

a reasonable degree of accuracy by replacing the 22 factor in

the Bethe-Heitler formula (eq. (5)) by 2(Z + 1).
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CHAPTER IV
THE BUILDUP AND ABSORPTION OF PHOTONS IN THE TARGET

When gamma rays traverse matter; they interact through separate
"elementary" processes which have the effect of attenuating the
photons either by outright absorption or by degyadation in energy
and deflection. These predominant'élementary processes are the
photoelectric effect, Compton scattering and pair production..

In the photoelectrig effect a photon disappears and an atomic
electron leaves 1ts atom, having absorbed the‘phéton'energy. This
effect is.predominant for iow-energy gemma rays, especially in
high Z materials,

In Compton scattering a photon is scattered inelasticélly and
an atomic electron recoils out of an atom. This effect is predomi -
nant for 1 to 5 MeV gamma rays in high 2Z materials.

For pair production a gamma ray of more than 1 MeV disappears,
and its energy transfers to an electron-positron pair. This effect
is predominant for high gamma ray energiés, especially in high 2
materials.

This intéractién'of gamma, rays with matter exhibits an expo-
nential law of attenustion. The number of photons traveling in the

original incident direction after a distance of penetration +t
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into the absorber is an exponentially decreasing function of the
form e-pmt where Mo represents the mass attenuation'coefficient
(probability of a process per gm/cm?).

The interaction processes experienced by_photons give rise to
a variety of secondary radiations, such as Compton scattered photons,
electrons ejected in the photoelectric prdcess and pair-production
electrons. The decay of the photoelectric and pair-production
electrons results in secondary photons which influence the whole
process of photon penetration. This effect of secondary photon
generation in the absorber can be'taken into account by the use of
the so-called buildup factor which is defined to be the ratio of
the total number of gamms rays at any one point to the number of

primery gemma rays. An expression (ref. 13) for the buildup

factor is given by
B(u,, t) = Ay exp(-a, u_ t) + A, exp(-a, u, t) (3)

Here M is the mass attenuation coefficient at the photon source

energy k, and the constants Al ) and a, are coefficients

sdjusted to fit experimentally determined data or theoretical data

3 a'l’ A

determined by Monte Carlo calculations.
Tables VII and VIII show the attenuation end buildup coeffi-

cients Hor 892 Al’ A2, and 8y for aluminum and iron, respectively.



CHAPTER V

THE DERIVATION OF THE THICK TARGET EQUATION

It is now possible to aspproximate the gngular distribution

of bremsstrahlung behind a thick target by the combination of

the complex processes discussed in the preceding chapters.

Consider a unit monoenergetic electron flux of normal incidence

on a thick target where the target has been subdivided into thin

slabs or so-called thin targets as shown in sketch 5 below.

E

OoO———;

Incident electron

Sketch 5.~ Thick target subdivision.

-—— - —— - -

%

Within each thin target the incident electron will be scattered

in some direction defined by the two polar angles

€ and V.

A

schematic representation of the scattering in any slab i 1is shown

in sketch 6. Here € is the angle between the incident electron
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Sketch 6.~ Schemetic of electron scattering
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velocity vector and the electroq direction after the electron has
suffered the 1ith collision. Recall that the ang;e 60 is the
angie between the scattered electron velocity vector and the
emitted photon. Note that only photons traveling at an aﬁgle ¢d
vith respect to the incideﬁt electron difection will reach the
detector.

' For a thick target which consists of many thin targets there
will occur a scattering, typicél of the scattering shown in sketch 6,

' ¢

in each thin target. Sketch 7 is representative of the multiple

electron scattering that occurs in a thick taiget. Agein as in

o——

Incident electron

X

Sketch 7.—-Schemat1¢ of multiple electron scattering in a thick target.
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sketch 6, € and V¥ are the pola% angles with € representing

the angle between the incident electron direction'and the electron
velocity vector after the ith collision. Recall that the justi-
fisble assumption 1s made that the lateral displacement of the
electron within the target is very small compared with the distance‘
between the target and detector and hés negligible effect on the
thick target spectrum. Thus the multiple scattering is considered
to influence the spectrum only through changes in the electron
direction with respect to the initially incident electron direction.
| The path shown in sketch 7 is certainly not unique. In

other words, the path of the electron in the target is random;
therefore, it is necessary to consider all directions of electron
scattering in each slab relative to the initial electron direction.
This is to say that within each slab all possible combinations of

€ and V¥ (see sketch 6) are to be considered along with the
representative probability of the electron being scattered at each
particular combination of angles.

Now consider for each thin target a cylindrical differential
element of volume, dV, having & normal unit area and length At
;slab thickness) relative to the initial electron direction. The
photon energy release per electron in each thin target for a

specified €.’ *5 and wd is

d2 n

S (Ey» ks 6,)6tN, (9)

i
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where Nl is the number of atoms per cm per unit area. The photon
energy release is dependent upon the angles é, ¥, and Py where

‘these angles are related by -the equation
cos 6 = cos € cos @, + sin € sin @, cos v, . (20)

' Now the expression given by equation (9) is an unweiéhtéd function
with respect to the electron direcﬁion, for’éxample, the probability
of the photon energy release must be mulfiplied by}the representative
probability (wgighted functioﬁ) of the electron being scattered at
the specific values of € and wy. This scattering probabi;it&
is expressed in equation (6) which is s function of the pérticulﬁr

' thin target, electron energy, and argle € - as such

P = |P (B, €) (11)

Thus for one electroh direction of €y and w’ the probability
of the generatiOn of a photon of energy k that will reach the
detector at an angle Pg is the product of the two probabilities

2
d_B (g  k, 0 )AtN, P (E,, €_) (12)
dkdQ i o l e i’ "a

i

For all angles of electron scattering within each slab, that is,
for € varying from O to =x and ¥ from O to 2x, the sum

of the radiative probabilities in slab 1 1is
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8 ®
N )’ da n ax w 2x
Z‘ akan (Ei’ k, Go)Ath Pe (Ei’ ea) sin 3 85
a=0 7:0
i
(13)
. ot - X . an.
vhere € =35, O¢ =5, and AV = ¢

It is now necessary to sum these probabilities over the electron
energy (or the corrésponding thickness of the target‘neéessary to
bring the electron to rest). In theory it is possible té determine
the differential path length of an electron within an absorber
with the aid of equation (7), which is the relation expressing
electron energy loss per cm path length. The differential path

length is expressed as

dt = _QE_ (lh)
aE
dt
or
at - LE (15)
OB
At
Now substituting the above equation (15) into equation (13) and
summing over i slabs in terms of the electron energy
d2 n
dkdQ
thick target
(16)
a8 5 N, an w 2x E_
i=-1 a=0 ¥=0 At
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wvhere AE = Eo'n

Now only eléctrdns with energies greater than k can create photons
of energy k, thus a lower limit is placed on the energy summation.
Rewriting and regrouping equation (16) and expressing the electron

energy in terms of the total electron enérgy we have

d " n
did ) thick target (17')
EO 1 n
=N . —_— P sin € de AydE
! ) i o2 GE
o} at

The additional prpcésses of photon absorption and buildup, electron-
electron bremsstrshlung and backscattering as previously discussed

can now be included in equation (17),

d2 n
dkdQ
thick target
(18)
Eo Be W tx/cos ¢d /~2n Ty d2 n
= Nl z(z + 1)(1 - R) ‘jp TR s Jr 5 dkaa P€ sin ededydE
o Yo 7
k+1
-umtx/cos ¢d
where e is the photon absorption in the target; B,

the photon buildup; Z(Z + 1), the approximate correction for
electron-electron bremsstrahlung and (1 - R) is the correction
for electron backscattering out of the target. It is now conven-

ient to define intensity as the photon energy k multiplied times
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2
n

d
the number of photons \ 3kan

with energy k. Thus
thick target

expressing equation (18) in temms of intensity and replacing N,

by Nb p A.
k d2 n
kAR [ hick target (19)
N FE° Be-umtx/cos¢d 2n f‘,l[: 2 .
= — Z(z + 1)(1 - R) 1 a8 f J, = P_ sin ededydE
A |, ‘L+1 e o Z~ dk4aQ
p dt
where the integration
2r x
f f P_ sin € dedy (20)
o o

is normalized to one in each slab. Equation (19) now represents
an expression for approximating the sngular distribution of

bremsstrahlung behind a thick target.
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CHAPTER VI
THEORETICAL RESULTS AND COMPARISONS WITH EXPERIMENTAL DATA

Because theré exists a scércity of.experimental thick target
data, a complete comparison between theory and expériment over a
wide range of electron energies and materials cannot be made.
‘Hbéever, experimental data do exist for aluminum and ifon'th;ck
targets (ref. 1hk) and, where applicable, comparisons are made
between theory and experiment.

The comperisons of the theoretically predicted results
(eq. (19)) with the experimental data for aluminum end iron thick
targets and electron kinetic energies of 0.5 and 1.0 MeV are
shown in tables iX-XXIV and figures 4 and 5. Each table is repre-
sentative of the thick target bremsstrahlung production for a
specific material, electron kinetic energy, and detector angle.
‘Note that the number in brackets following each entry in tables IX-
XXIV indicates the power of 10 by which the entry should be
multiplied. '

The values presented in tables IX and XXII are plotted in
figﬁres 4 and 5 to show the general trend of qomparison. Here
the bremsstrahlung ihtensity is a function of the photon energy

detector angle, electron kinetic energy, end material. The
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theoretical results (obtained from evaluating eq. (19)) are seen
to compare favorably with the experimentel data over most of the
photon energy rénge. The discrepancy that exists between the
theoretical and experimental data is expected, inasmuch as the
Born approximation technique is used in the theoretical thick
target model. The reason for this discrepancy is realized by
comparing experimental thin target date (ref. 14) with the Bethe-
Heitler theory. Figures 6 and 7 (ref. 14) show this comparison
for aluminum thin targets, detector angles of 150 and 300, and
incident electron energies of 0.5 and 1.0 MeV, respectively. It
is seen from figu?es 6 and 7 that the Bethe-Heitler theory in
general overestimates the intensity at the low photon energies and,
as was previously anticipated, underestimates the spectra at the
high frequency limit (i.e., upper photon energy range). 1In that
the thick target spectra are obtained by summing up the spectra
for a series of thin targets the discrepancy between the theory
and experiment for the thick target is obvious and expected. Thus,
the theoretical thick target results are expected to overestimate
thé spectrum at the low photon energies and underestimate at the
high frequency limit.

It is important to try to estimate the degree of improvement
of the theory, present herein, over the ususl simplified approach

(straight through theory) of assuming that the electron suffers
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no multiple scattéring. An equation describing straight through

theory is
d2 n N 22 Eo k d2 n 1
kK ~—— = f — —— dE (21)
j 2 1 dE
dkdQ hick target A | k+1l | Z~ dkdQ s 3t

One result of evaluating equation (21) for a 0.5 MeV electron
incident on aluminum and with a detector angle of 500 is shown
in figure 3 along with the experiméntal data (ref. 14) and
results as predicted by equation (19). From this particular
case (see fig. 8), it is obvious that the inclusion of multiple
electron scattering greatly improves the method for approximating

the angular distribution of thick target bremsstrahlung.
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CHAPTER VII

FIRST APPROXIMATION CORRECTION TO THE THICK
TARGET BREMSSTRAHLUNG SPECTRUM

_The use of the Bethe-Heitler thin target cross-section in
equation (19) introduces an unavoidable error in the thick target
spectrum. The difficulty, as previously stated,.with the thin
target spectrum is that there is known to exist a discrepancy
over part of the photon energy range when the theory is compared
with experiment. This discrepancy was previously shown in fig-
ures 6 and 7. Also for example, the Bethe-Heitler cross-section
is known to underestimate the average radiative energy release
by approximately 30 percent for a single interaction of a 1.0 MeV
electron in eluminum. This error increases with higher atomic
numbers .

~ The present deficiency in the theoretical prediction of the
thin target cross-section can be attributed almost entirely to
the use of plane waves for the electron wave function in the matrix
element as prescribed by the Born approximation. To improve thé
theoretical estimates, the Born approximation should be replaced
with a formulation which uses electronecoulomb wave functions.
Dr. C. D. Zerby (ref. NASA Contract NASw-906) is presently devel-

oping the mathematical formulation of the electron bremsstrahlung
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cross-section for unpolarized incident particles using coulomb wave
functions. The difficulty with the improved method, and the
reason it has not been used extenéiveiy in the past, is that 1t
does not yield a simple analytic fofmula, but requirés extensive
numerical procedures to obtain results. When Dr. Zerby's calcula-
tions are available it is presumed that the results can be tabled
into the existing computer program replacing the Bethe-HeitleF_
analytic formuls.

Since no exact analytic expression ex;sts for the thin target
cross section, the next logical approach is to correct for the
discrepancy in the Bethe-Heitler relation with a semiempirical or
empirical correctioh. In the energy region of the electron rest
mass energy (0.511 MeV) coulomb corrections (refer to ref. 7) to
the Bethe-Heitler expression are not available in analytical form.
Therefore, a correction must be approximated empirically from
experimental results. The difficulty which arises is that empirical
corrections cannot be determined in enough detail from the limited
available experimental data to cover the entire electron energy.
However, it is the belief of ﬁhe author that a reasonably justifiable
first approximation correction can be made to the thick target
spectrum obtained by evaluating equation (19) and with the aid of
thin target data presented in the same form as shown in figures 6

and 7. This correction is to be made by considering the two

following important assumptions:
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(a) the majof contributions to the region of the
intensity spectrum which is in error the most (upper region in
photon energy) results from electrons with energies near the
incident electron energy, that is, electrons that have just
entered the incident surface, and

(v) for electron energies epproximately equal to the
incident electron energy the electron direction is peaked in
the forwgrd direction.

As e result of meking the above two assumptions it is
possible to use existing thin target experimental data to correct
the thick target spectrum for some specific cases. In more
general terms the thick target spectrum (obtained from eq. (19))
is to be corrected for its discrepancy with experimental results
by multiplying by a correction factor defined as &(k). This
tE(k) factor is seen to be a function of the photon energy k
and represents the number by which the Bethe-Heitler thin target
cross-section must be multiplied so that it agrees with experimental
data.

| Having defined a first-approximetion correction factor, the

previous equation (19) can be written in the following way
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CHAPTER VIII
CONCLUDING REMARKS

The complication of multiple electron scattéring within a
thick absorber prohibits a rigorous ahalytical solution for the
prediction of fhe angular distribution of bremsstrahlung from
completely stoppéd electrons. Also for electrqn energies that
are comparable to the electron rest-mass energy no empirical
formula exists for predicting thick target bremsstrahlung.
Therefore, an approximaiing formula has been presented for
‘ predicting the thick target spectrum which is differential both
in photon energy and photon angle of emittance. This formula
is derived from the integration of the contributions from suc-
cessive'elements of thin target spectra and integrating over
an energy range sufficient to bring the initial electron to
rest.

The use of the thin target Born approximation cross-section
for deriving the thick target expression introduces an error
that is presently unavoidable. The difficulty, as previously
stated, with the thin target cross-section is that it‘is Known
to be in error over part of the spectrum when comparisons are
made with experiment. This discrepancy between the theory and

experimental data for thin target cross-sections result in the
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obvious error in the thick target spectrum. Thus it is apparent
that an improved theoretical expression for thin target cross-
section is needed, which would then improve the thick target.
results.

A first approximation correction to the thick target spectrum
has been shown using experimental thin target data and considering
the following assunmptions: .

(a) the mejor contribution to the region of the
spectrum which is in error the most (upper region in photon
energy) results from electrons with energies near the incident
electron energy, and

(b) for electron energles approximately equal to the
incident electron energy the electron direction is peaked*iﬁ
the forward direction.

The comparisons between thé results obtained from the theory
derived herein and experimental data are fevorable and thus it
can be concluded that the approximating formula for the angular
distribution of electron bremsstrahlung in thick targets is
valid and is an improﬁement over tﬁe usual straight-through

theory.



INDEX OF SYMBOLS

Symbols Definition

A atomic weight of target material

Al’ al, A2, a5 photon buildup coefficients

B photon buildup factor

F'..i total energy of electron emergent from thin target

i(i =1, 2, ¢eveee, n), in units of m c?

E' total electron energy after scattering, in units of m, c2

Eq residual energy of scattering center after collision,
'in units of'mb c2

Eo initial total electron energy, in units of m.o_c2

I mean ionization potential, in units of m ¢

MeV unit of energy, ﬁilliqn‘électron volts

N atomic density, in units of étoms/cm3

N6 Avogadro's number, in units of atoms/gﬁ-mole

Nz number of atoms per cm per unit area, in units
of atoms/qm;

Pe probability of'electréﬂ being scattered at an.angle ¢

Pl Legendre polynomial

R ratio of back-scattered electrons to primary electrons
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Symbols ' Definition

T electron kinetic energy, in units of m c2

xt, Yi, " coordinate axis of target

B number of increments in the angle €

c speed of light, in units of om/sec

dE/dt electron energy loss per cm path length, in units

of m c2-cm?/gm

aa element of solid angle in k direction,

sin eo deo dd, in units of sr

-~

dae element of phoion'angle referred to Xk, in units

of degrees

a¢ element of polér ang;e referred to k, in units
of degrees

Ot increment in target thickness, in units of gm/cm?

Ae ‘increment of polar angle € of electron, in units

of degrees
Ay increment in polaer angle V¥ of electron, in units

of degrees

- AE, dE increment in total electron energy, in units of my c2
] number of increments in the angle
e _electron charge, in esu units
eV unit of energy, one electron volt
€ polar angle of electron in thin target i, in units

of degrees
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Symbol Definition

i, a, 7 indexing integers

k vector energy of emitted photon, in units of m c2

m c2 unit of energy equal to 0.511 MeV units

m, electron rest mass, in units of grams

M photon mass absorption coefficient, in units of gm/cm2

n number of thick target subdivisions

p! momentum vector of electron after scattering, in
units m_c¢

o

b electron momentum vector, in units of m, c

°d polar angle of detector with respect to incident
electron direction, in units of degrees

x 3.1417 redians or 180°

¥ polar angle of electron in thin target i, in units
of degrees

Q solid angle, in units of sr

r electron spatial displacement vector, in units of gm/cm?

r_ classical electron radius, 2.8178h4 10-13, in units
of cm

[¢] density of target materiel, in units of gm/cm;

tx line-of-sight distance in the target haterial

between the source point of the photon and the
point at which the photon exits the back surface

of the thick target, in units of gm/cm?
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Symbols Definition

t mean target'tﬁickness, in units of gm/cm2
eo photon emission angle of k with respect to .po,
in units of Qeg:ees
v electron velocity vector aftgr collision, in
units of cm/sec
Vo electrc_)n velocity before collision, in units of cm/sec
€ first approximation correction factor
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TABLE V

*
STOPPING POWER FOR ALUMINUM

Atomic number(Z) = 13.00 . Atomic Weight(A) = 26.9815
Electron kinetic Stopping power
energy
2
MeV - cm
MeV o
0.01 0.16388E 02
.02 .100LE 02
.03 S .TH25E 01
.0l .6015E 01
.05 .5127E 01
.06 4515E 01
.07 .LOESE 01
.08 .3721E 01
.09 .3450E 01
.10 .3229E 01
.20 .2211E 01
«30 L1873E 01
) .171LE 01
50 .1627E 01
.60 JA5T6E 01
.T0 .15L5E 01
.80 .1526E 01
.90 .1515E 01
1.00 .1509E 01
2.00 .1538E 01
3.00 .1594E 01
4,00 .1643E 01
5.00 .16G5E 01
6.00 .1721E 01
7.00 .1752E 01
8.00 1779E 01
9.00 .1804E 01
10.00 .1826E 01

" ,
The number following the E 1n each tabulated entry indicates
the powver of 10 by which that entry should be multiplied.
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COLLEGE oF WILLIAM & MARY

TABLE VI

STOPPING POWER FOR IRON

Atomic number(Z) = 26.00

Atomic weight(A) = 55.847

Electron kinetic

Stopping power

energy
MeV MeV - cm2
gm

0.01 0.1452E 02
.02 .8789E 01
.03 .6546E 01
Ol .5328E 01
.05 4556E 01
.06 .LO22E 01
07 .3629E 01
.08 - «3327E 01
.09 +3089E 01
.10 .2895E 01
.20 «1996E 01
.30 .1697E 01
BTy A55TE 01
.50 .1431E 01
.70 .1410E 01
.80 .1395E 01

- +90 .1386E 01
1.00 .1381E 01
2.00 L1416E 01
3.00 .14T71E 01
4.00 .1519E 01
5.00 1559E 01
6.00 .1594E 01
T7.00 .1625E 01
8.00 .1651E 01
9.00 .1675E 01
10.00 .1697E 01

51




TO~dg2°T 00 G2 T~ 20~300°9- 00 EC2*2 20~20¢°2 TO F00°T
TO~365°T 00 Al T- 20~30T°9~ 00 dl2°2 20~90¢°2 00 d00°6
TO~30S°T 00 F0¢ T~ .20~702°9~ - 00 30%°2 20~aon 2 00 300°Q
T0~30¢° T 00 d0L°T- 20~30% ‘9~ 00 d0L*2 20~40C 2 00 F00°L
T0~326° T 00 H0T°2- 20~30n°9= 00 d0T°¢ 20-309°2 00 900°9
TO~TTHT 00 don°z- 20~306°9- 00 FoH*¢ 20~30g°2 00 H00° G
TO~J0¢* T 00 Top - 20~309°9- 00 F09°¢ - 20=30T ¢ 00 T00°H
T0-39T°T 00 F0G ¢~ 20~dq0nw " L= 00 F0G 4 20~30G ¢ 00 F00°¢
20~305°6 00 F0SC ~ 20~302° g~ 00 0S¢ 20~30¢ * 1 00 @00°2
20~306°9 00 3L G- 20~a0n * 6~ 00 dGL°9 20~300° S 00 F0G°T
20~30h "4 00 T00° .- TO~30T* T~ 00 d00°Q 20-30T*9 00~300° T
20~d0n 4y 00 d00°.L- T0~FO0TT- 00 H00°'Q 20~30¢°9 T0~300°6
20~20h* 4 00 F00°L- T0~40T T~ 00 F00°Q 20~30Q°9 T0-800°Q
20~F0h °{ 00 d00° .-~ 10-30T° T~ 00 T00°'Q 20-30¢°L T0~300°L
20~30N K 00 d00° .- TO~J0T° T~ 00 T00°Q 20~30Q° L T0~300°9
20~d0n "4 00 F00° L~ TO~40T T~ 00 T00°Q 20~30N g T0~300° G
20~301* 1 00 H00° /.- TO~F0T T~ 00 H00°Q 20~30¢ 6 10~300°§
20~30n 4 00 H00° /.- T0-30T° T~ 00 300°Q T0-10°T T0~200°¢
20~F0on 4 00 F00°.L- TO-30T T~ 00 F00°Q T0~322°'T T0-300°2 .
20~30% ¢ 00 F00°.L- T0~20T° T~ 00 F00°Q T0~969°T 20~800° 0T
% 2v T W =2 oty ASH ‘¥
P4

WONTHOTY Y04 SINAIOIALH0D dNATING ANV NOLLVANILLY

IIA 3T9VL

52



€0~300°0T

-
o

00 F00°T~ 20~-30G 6~ 00 F00°2 20~aw6 2 g00°T
20~ e 00 TG T~ 20-30T° 6~ 00 G2 20862 00 H00°6
20~30¢* ¢ 00 F0G°T- 20~aCL g~ 00 F0<°2 20~3g6°2 00 F00°Q
20~3GL 4 00 H0Q°'T- 20~d0 g~ 00 30g°2 20~900°¢ 00 J00°L
20~H06° ¢ 00 F0T 2~ 20~300°g~ 00 HOT°¢ 20~TH0° ¢ 00 H00°9
20~306°9 00 HGH* 2~ 20~I0L" L~ 00 Gk ¢ 20~F0T ¢ 00 F00°C
20-40L°9 00 H00°¢= 20~don* L~ 00 T00°H 20~30¢ ¢ 00 F00°4
20-302°9 00 00 i~ 20-q02 " L~ 00 300°¢ 20~H09°¢ 00 300°¢
20~H06" 1 00 09°G~ 20~40¢ L~ 00 H09°9 20~302°4 00 J00°2
20~T00° K 00 30G'9- 20~300° g~ 00 d0G*L 20~309° 4 00 T0G°T
20-303°¢c 00 H09°.)- 20~d0Q° g~ 00 309°Q 20~4G6°¢ 00 F00°T
20~d409°2 00 F0g°.L- 20-4C6° g~ 00 T09'Q 20~402°9 T0~300°6
20~uce e 00 F0T° g 20-300° 6~ 00 HOT*6 20=a19°9 10~300°Q
20~H306°T 00 HON'g~ 20~402° 6~ 00 F0H°6 20-T00°., T0-300°L
20~dcL T 00 d0L g~ c0-d0n 6~ 00 F0L'6 20~429°.L T0~300°9
20362 T 00 H00°6~ 20~30G° 6~ T0 F00°T 20~4g2°Q TO~300° S
€0~d00° 0T 00 HO0¢° 6~ 20~409°6~ T0 I€0°T 20~46T°6 TO~J00°
¢O~T00° L 00 F0L*6~ 20~d0L 6~ T0 3L0°T T0~H90°T TO~T00°¢
€0~F00° } T0 410° T~ 20~40Q° 6~ T0 ITT°T T0-28¢° T 10-300°2

‘0 10 FL0° T~ 20~406° 6~ T0 TLT'T To-qhh ¢ 20-300°0T
e v Te ™ l_% ¢y ASH ‘Y
A

NOYI ¥O0J SINAIOILIIOD dNATING ANV NOLLVANMLLY

IIIA TTEVE

53



TABLE IX

THICK TARGET BREMSSTRAHLUNG PRODUCTION

MATERIAL: Aluminum

T, = 0.5. MeV
@d = 0 degrees
d2 n d2 n
k k 5o (eq. 19) k an (LTV ref. 1h4)
MeV MeV
MeV MeV-sr-electron MeVa-sr-electron
0.05 1.947 (-3) 1.450 (=3)
.10 1.h26 (-3) 1.297 (=3)
.15 1.087 (-3) 1.001 (-3)
.20 8,155 (=k) 7.765 (-b)
.25 5.915 (=k) 6.348 (k)
<30 h.029 (-k4) b7 (-4)
.35 2.47h (=4) 3.160 (=4)
ko 1.257 (=k) 2.286 (=k) .
b5 L.0k6 (<5) 1.056 (k)
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TABLE X

THICK TARGET BREMSSTRAHLUNG PRODUCTION

MATERIAL: Aluminum

T, = 0.5 MeV
¢ a = 15 degrees
: cl2 n d2 n
k k Z=m (eq. 19) k mv(m’v ref. 1h4)
Mev MeV-srlf:Iect;ron MeV—sr!f:Xectron
0.05 1.831 (-3) 1.502 (-3)
.10 1.337 (=3) 1.437 (-3)
.15 1.009 (-3) 1.080 (-3)
.20 7579 (-4) 8.409 (-4)
.25 5.464 (-4) 6.553 (-4)
.30 3.700 (=k) 5.228 (-4)
.35 2.258 (<4) 3.816 (=4)
.40 1.141 (<) 2.634 (=4)
45 3.659 (-5) 1.509 (-k4)
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TABLE XI
THICK TARGET BREMSSTRAHLUNG PRODUCTION

MATERIAL: Aluminum

T, = 0.5 MeV
o a = 50 degrees
d2 n d2 n
k k 33a (eq. 19) k 3x3m (LTV ref. 1k)
MeV MeV MeV

MeV-sr-electron MeVesr-electron

0.05 1.182 (-3) 1.232 (-3)
.10 1.081 (-3) 1.1k0 (-3)
-15 8.125 (-k) 8.4510 (~k)
.20 6.064 (-4) 6.453 (-4)
.25 4.336 (k) 5.130 (-k4)
.30 2.913 (-4) 3.918 (&)
.35 1.768 (=4) 2.893 (-h4)
4o 8.92k (-5) 1.969 (-4)
45 2.88% (-5) 1.170 (-k)
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TABLE XII

MATERIAL: Aluminum

THICK TARGET BREMSSTRAHLUNG PRODUCTION

T, = 0.5 MeV
0, = 60 degrees
d2 n 'de n
k X F=0 (eq. 19) k 398 (LTV ref. 1k4)
MeV MeV
MeV MeV-sr-electron MeV-sr-electron
0.05 T.347 (=b) T.691 (=k4)
.10 5.252 (-4) 6.979 (-b)
15 3.823 (-4) 4.866 (=)
.20 2.749 (-4) 3.543 (-4)
.25 1.880 (-k) 2.642 (-4)
.30 1.211 (-4) 1.914 (-4)
.35 7.083 (<5) 1.315 (-4)
.o 3.481 (-5) 8.318 (-5)
A5 1.122 (=5) 3.964 (5)
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TABLE XIII

THICK TARGET BREMSSTRAHILUNG PRODUCTION

MATERIAL: Aluminum

To = 1'0 Mev
] q = 0 degrees
dé n ('12 n
k X 330 (eq. 19) k 338 (LTV ref. 1k)
MeV MeV MeV

MeV-sr-electron MeV=-sr-electron

0.10 ' 6.010 (-3) 4.986 (-3)
.20 4,367 (=3) 5-975 (-3)
.30 3.189 (-3) 3.280 (-3)
4o 2.255 (=3) 2.770 (=3)
.50 1.547 (=3) 2.286 (=3)
.70 5.773 (-4) 1.2k0 (-3)
.90 1.121 (-b) 3.744 (L)
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TABLE XIV
THICK TARGET BREMSSTRAHLUNG FRODUCTION

MATERIAL: Aluminum

TO = 1-0 MeV -

<bd = 15 degrees

d"'2 n d2 n
k k g3q (ea- 19) , k g=g (UIV ref. 1k)
Mev MeV-sr!f:Xectmn MeV-srb-i:Xectron
- 0.10 5.772 (=3) 3.595 (=3)
.20 k154 (-3) 2.861 (-3)
.30 3.001 (-3) 2.373 (-3)
ko 2.086 (-3) 2.039 (-3)
.50 1.408 (-3) 1.686 (-3)
.70 5.096 (k) 9.395 (-b)
.90 9.412 (-5) 4.000 (=)
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TABLE XV

MATERIAL: Aluminum

THICK TARGET BREMSSTRAHLUNG PRODUCTION

To = 1.0 MeV
o a = 20 degrees
d2 n d2 n .
k k 30 (eq.. 19) X =0 (LTV ref. 1k4)
MeV MeV MeV
MeV-sr-electron MeV-sr-electron
0.10 5.291-(=3) 3.692 (-3)
.20 3.851 (-3) 2.756 (=3)
.30 2.772 (=3) 2.304 («3)
BT} 1.911 (-3) 1.920 (-3)
.50 1.282 (=3) 1.499 (-3)
.70 h.592 (-k) 7.970 (=-4)
.90 8.1426 (-5) 2.4 (4)




TABLE XVI

THICK TARGET BREMSSTRAHLUNG PRODUCTION

MATERIAL: Aluminum

'.l‘o = 1.0 MeV
Qd = 30 degrees

A\l

d2 n d2 n

k k 330 (eq. 19) k 355 (LTV ref. 1k4)
Mev MeV-sr!fzgectmn MeV-srlf:Xectron
0:10 - 4317 (=3) 2.502 (-3)

.20 3.076 A(-B) 1.899 (-3)

.30 2.188 (-3) 1.536 (-3)

ko 1.478 (=3) 1.219 (=3)

.50 9.719 (=k) 9.329 (-k)

.70 3377 (=4) L.650 (-b)

.90 6.150 (-5) 1.500 (-h)

61




TABLE XVII
THICK TARGET BREMSSTRAHLUNG PRODUCTION

MATERIAL: Aluminum

T = 1-0 MeV
o
oy = 60 degrees
de n d2 n )
k k 350 (eq. 19) T (LTV ref. 1L) .
MeV MeV MeV

MeV-sr-electron M§V-sr-electron

0.10 1.850 (-3) 1.339 (-3)
.20 1.239 (=3) 9.464 (k)
<30 8.028 (-4) 6.804 (-4)
.bo 4.829 (-4) 5.296 (=4)
.50 2.806 (-4) 3.668 (-4)
.70 8.070 (-5) 1.410 (-4)
-90 1.358 (-5) 2.950 (-5)
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TABLE XVIII
THICK TARGET BREMSSTRAHLUNG PRODUCTION

MATERIAL: Iron

To = 0.5 MeV
Qd = 0 degrees
d2 n d2 n
k X 338 (eq. 19) kK 330 (LTV ref. 14)
MeV MeV
Mev MeV-sr-electron MeV=-sr-electron
0.05 3.705 (-3) 1.282 (-3)
.10 2.676 (=3) 2.190 (-3)
.15 1.997 (-3) 1.863 (-3)
.20 1.478 (-3) 1.507 (-3)
.25 1.056 (-3) 1.2h9 (-3)
.30 7.101 (-4) 1.028 (-3)
.35 %4.302 (-4) 7.830 (=k)
ko 2.167 (-k) 6.088 (-k)
A5 6.976 (-5) 4,296 (-4)
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TABLE XIX
THICK TARGET BREMSSTRAHLUNG PRODUCTION .

MATERIAL: Iron
0.5 MeV

T, =
‘»d = 15 degrees
a n a n
k T (eq. 19). k Tan (LTV ref. 1L)
. MeV Mev-sr}-{:‘]f'ectron Mev-srlf:zectron
0.05 3.619 (-3) 4,261 (-k4)
.10 2.606 (=3) 1.893 (=3)
15 1.936 (-3) 1.592 (-3)
.20 1.426 (=3) 1.269 (-3)
.25 1.01k (-3) 1.040 (-3)
.30 6.77L (k) 8.323 (k)
.35 L.o77 (-1) 6.4gk (k)
ko 2.039 (-4) 4.698 (k)
A5 6.526 (=5) 3.159 (-4)
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TABLE XX

THICK TARGET BREMSSTRAHIUNG PRODUCTION

MATERIAL: Iron

T = 0.5 MeV
0y = 30 degrees
d2 n da n
k K 3530 (eq. 19) k 390 (LTV ref. 1k4)
) ‘MeV MeV

MeV MeV-sr-electron MeV=-sr-electron

0.05 3.281 (=3) 8.680 (-4)
.10 2.353 (=3) 1.557 (=3)
15 1.737 (=3) 1.320 (-3)
.20 . 1.269 (-3) 1.052 (-3)
.25 8.953 (-4) 8.577 (-4)
.30 . 5.925 (=4) 6,717 (=)
.35 3.5354 (-4) 5.2u2 (k)
.40 1.755 (-4) 3.698 (k)
45 5.59 (=5) 2.k23 (-4)
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TABLE XXI

THICK TARGET BREMSSTRAHLUNG PRODUCTION

MATERIAL: Iron
T = 0.5 MeV
®; = 60 degrees
d2 n n
k k Tkaa (eq. 19) k 330 (LTV ref. 14)
MeV MeV
MeV MeV-sr-electron MeV-sr-electron
0.05 2.279 (=3) 6.997 (-u)
.10 1.601 (-3) 9.952 (-k4)
.15 1.143 (-3) 8.660 (-k4)
.20 8.010 (-k) 6.781 (k)
25 5.448 (=4) 5.259 (-4)
.30 3.475 (-4) 4.008 (-4)
35 2.001 (-k) 2.820 (k)
ko 9.646 (=5) 1.895 (k&)
15 3.036 (=5) 1.04k (-b)
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TABLE XXII

THICK TARGET BREMSSTRAHLUNG PRODUCTION

MATERIAL: Iron

'1'0 = 1.0 MeV
. °d = 0 degrees
2 2
d n d n
k kK 5530 (eq. 19). X 3530 (LTV ref. 1h4)
MeV MeV MeV

MeV-sr-~electron MeV-sr-electron

0.10 £1.052 (-2) 7.318 (=3)
.20 7.592 (=3) 6.195 (-3)
.30 5.651 (-3) 5.265 (=3)
.o 4,158 (-3) 4.520 (-3)
.50 2.949 (-3) 3.769 (=3)-
.70 1.178 (-3) 2.179 (-3)
.90 1.867 (k) 8.892 (k)
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TABLE XXIII
THICK TARGET BREMSSTRAH[HNG PRODUCTION

MATERIAL: Iron

T, = 1.0 MeV
Qd = 20 degrees
a n a n

k k 350 (eq. 19) k 30 (LTV ref. 1k)
Mev MeV‘-srlf:Xectron Mev_-srbfzzectron
0.10 1.004 (-2) 5.349 (~3)
.20 7.195 (-3) h.h20 (-3)
.30 5.296 (-3) 3.659 (=3)
ko 3.845 (-3) 2.941 (-3)
.50 2.681 (-3) 2.453 (-3)
.70 1.028 (-3) 1.408 (-3)
.90 1.562 (-4) - 5.838 (-4)




TABLE XXIV

THICK TARGET BREMSSTRAHLUNG PRODUCTIOR

MATERIAL: Iron

To = 1.0 MeV
‘Dd = 30 -degrees
d2 n bde n
k k m,(eq. 19) - k Ixan (LTV ref. 1L)
MeV MeV MeV
MeV-sr-electron MeV-sr-electron
0.10 8.830 (-3) . b33 (=3)
.20 6.296 (-3) 3.589 (-3)
.30 4.600 (-3) 2.943 (-3)
ko 3.308 (-3) 2.426 (-3)
.50 2.277 (-3) 1.968 (-3)
.70 8.508 (=) 1.217 (-3)
.90 1.278 (k) 3.686 (k)
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Figure 1l.— Dependence of thin target bremsstrahlung intensity spectrum
on photon energy k and angle 60 for an electron

kinetic energy = 1.0 MeV.
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Figure 2.~ Angular distribution of multiple scattered electrons in
aluminum in which the electron energy is reduced from

1.0 MeV to a value T.
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Figure 3.— Ratio of backscattered to incident megavolt electrons
plotted as a function of target atomic number.
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Figure L.— Thick target bremsstrahlung production in aluminum
for an incident electron kinetic energy of 0.5 MeV and
a detector angle of 0°.
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Figure 5.— Thick target bremsstrahlung production in iron for
an incident electron kinetic energy of 1.0 MeV and a
detector angle of O°.
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Figure 6.— Thin target differential cross sections for 0.5 MeV
bremsstrahlung at photon energies k, and photon
angle 15° ang 30°.
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Figure 7.— Thin target differential cross sections for 1.0 MeV

bremsstrahlung at photon energies k, and photon angles
15° and 30°.
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Figure 8.— Comparison of straight through theory (eq. 21) with

multiple scattering theory (eq. 19) and experiment
(ref. 14) for an aluminum thick target, electron

kinetic energy of 0.5 MeV and detector angle of 30°.
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Figure 9.— A plot of the £(k) factor for a 0.5 MeV electron incident
on an sluminum target and a detector angle of 15°.
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Figure 10.— Comparison of corrected multiple scattering theory (eq. 22)
with multiple scattering theory (eq. 19) and experiment (ref. 1L4) -
for an aluminum thick target, electron kinetic energy of 0.5 MeV
and detector angle of 15°.
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